Using Raman spectroscopy, we investigate the lattice phonons, magnetic excitations, and magnetoelastic coupling in the distorted triangular-lattice Heisenberg antiferromagnet α-SrCr2O4, which develops helical magnetic order below 43 K. Temperature dependent phonon spectra are compared to predictions from density functional theory calculations which allows us to assign the observed modes and identify weak effects arising from coupled lattice and magnetic degrees of freedom. Raman scattering associated with two-magnon excitations is observed at 20 meV and 40 meV. These energies are in general agreement with our ab-initio calculations of exchange interactions and earlier theoretical predictions of the two-magnon Raman response of triangular-lattice antiferromagnets. The temperature dependence of the two-magnon excitations indicates that spin correlations persist well above the Néel temperature.
I. INTRODUCTION
The triangular-lattice Heisenberg antiferromagnet is a central model in frustrated magnetism. The theoretically established ground state has long-range magnetic order for any spin (including S = 1/2), with moments ordered in a coplanar 120
• structure. [1] [2] [3] For sufficiently large S, the magnetic excitation spectrum is well captured by spinwave theory with strong magnon interactions due to the non-collinear character of the magnetic order.
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While numerous quasi-two-dimensional triangularlattice materials are known, their ground-state properties and magnetic excitations are often profoundly modified by exchange anisotropies and interactions beyond the nearest-neighbor Heisenberg model. Examples include the distorted triangular geometry in Cs 2 CuCl 4 , 8 spinspace anisotropy in Ba 3 CoSb 2 O 9 , 9,10 further neighbor exchange interactions in CuCrO 2 11 and LuMnO 3 ,
12,13
and delocalized spins in κ-(BEDT-TTF) 2 Cu 2 (CN) 3 14 and LiZn 2 Mo 3 O 8 .
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α-CaCr 2 O 4 and α-SrCr 2 O 4 belong to yet another family of triangular-lattice Heisenberg antiferromagnets. Their orthorhombic crystal structures comprise two inequivalent Cr 3+ sites that form distorted-triangular layers of S = 3/2 ions in the bc plane of the P mmn spacegroup. 17, 18 Their low-temperature properties attracted attention due to the development of an incommensurate helical magnetic order below T N ≈ 43 K, 19-21 multiferroic behavior, 22, 23 and unconventional spin dynamics. [24] [25] [26] In α-SrCr 2 O 4 , non-monotonic changes in lattice parameters were observed around T ≈ 100 K by synchrotron X-ray powder diffraction, 21 and a small electric polarization (P ≤ 0.4 µCm −2 ) was detected below T N under a poling electric field. 23 Symmetry analysis for the currently accepted nuclear and spin structures indicates linear magneto-electric effects are forbidden while quadratic terms are allowed. 19, 22 The lattice and spin dynamics of α-SrCr 2 O 4 is thus of particular interest to search for possible magneto-vibrational effects and lattice distortions beyond the reported paramagnetic P mmn space group.
In this work, we present comprehensive Raman scattering results from α-SrCr 2 O 4 single crystals and address the interplay between lattice dynamics and magnetism. Raman scattering is a valuable tool in studies of frustrated magnetism due to its sensitivity to local structure and symmetry and to magnetic exchange interactions through optical phonons and two-magnon scattering, 27 respectively. In some cases, Raman scattering has proven more sensitive to lattice distortions than synchrotron X-ray diffraction measurements, 28, 29 and thus it is well suited to reveal the effects of weak magneto-elastic coupling.
To interpret our results, we performed density functional theory (DFT) calculations that provide theoretical values for the phonon frequencies and their corresponding eigenvectors and for the magnetic exchange interactions. This comparison allows assignment of spectral features to specific phonons and identification of small lattice distortions that precede magnetic ordering by following the temperature dependence of the Raman spectra.
Furthermore, using the magnetic exchange interactions obtained ab-initio, we compared the observed magnetic excitation spectrum with theoretical predictions for the magnetic Raman response of distorted triangular-lattice antiferromagnets.
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This paper is organized as follows. Section II contains technical details associated with our single-crystal synthesis, Raman scattering measurements, and DFT calculations. Section III discusses the lattice dynamics of α-SrCr 2 O 4 and contains a comparison of the observed phonon Raman spectra with DFT results. Section IV presents our magnetic Raman scattering results along with ab-initio calculations of the nearest-neighbor magnetic exchange interactions in α-SrCr 2 O 4 .
II. EXPERIMENTAL AND THEORETICAL METHODS

A. Crystal growth and sample preparation
Stoichiometric amounts of SrCO 3 (Alfa Aesar, 99.99% purity) and Cr 2 O 3 (Alfa Aesar, 99.97% purity) were thoroughly ground together and then synthesized under an atmosphere of 95% Ar + 5% H 2 at 1300
• C for 10 h. The powder was then sealed into a rubber tube, evacuated using a vacuum pump, and compacted into a rod 6 mm in diameter and 70 mm in length using a hydraulic press under an isostatic pressure of 70 MPa. After removal from the rubber tube, the rods were sintered at 1500
• C for 12 h in a 1 bar static argon atmosphere. α-SrCr 2 O 4 single crystals of approximately 4 mm in diameter and 50 mm in length were grown from the feed rods in a four mirror optical floating zone furnace (Crystal Systems Inc. FZ-T-12000-X-VPO-PC) with four 3 kW xenon lamps. Growths were carried out under 1 bar of static high purity argon at a growth rate of 10 mm/h with rotation rates of 20 rpm for the growing crystal and 3 rpm for the feed rod. Powder X-ray diffraction data taken from the crushed single crystals was consistent with the structure of pure α-SrCr 2 O 4 .
We used X-ray Laue back reflection to orient several of the grown single crystals for Raman scattering measurements. The first set of oriented crystals were cut using a diamond saw and cleaved to obtain flat bc plane surfaces (triangular-lattice) of high optical quality. Note that the orthorhombic structure of α-SrCr 2 O 4 stems from the Sr 2+ positions and the resulting small displacement of the first Cr 3+ site away from the higher symmetry position which corresponds to an undistorted triangularlattice. As a consequence, the bc cut contains three distinct orthorhombic domains for which the b and c axes are rotated by ±60
• with respect to that of a reference domain which means it was not possible to distinguish b from c during crystal alignment. A second set of oriented crystals were cut to obtain flat ab plane and ac plane surfaces. Due to the macroscopically indistinguishable b and c axes, these cuts correspond to a mixture of ab and ac orientations designated by ab + ac in the following.
B. Raman measurements
Raman scattering spectra were measured in microRaman and macro-Raman configurations using a JobinYvon T64000 triple monochromator Raman spectrometer. Micro-Raman spectra of α-SrCr 2 O 4 were measured using an Olympus microscope coupled to the spectrometer with a laser probe diameter of approximately 2 µm for the spectral range from 100 cm −1 (12 meV) to 650 cm −1
(81 meV) with a resolution of 2 cm −1 (0.25 meV). For macro-Raman scattering measurements in the 50 cm −1 (2.5 meV) to 650 cm −1 (81 meV) spectral range, we used collecting optics coupled with the macro-chamber of the same spectrometer with the diameter of the probe about 50 µm. The 514.5 nm line of a Spectra-Physics Ar + -Kr + laser was used for excitation light.
For low temperature Raman measurements, the crystals were mounted on the sample holder of a Janis ST-300 4 He flow cryostat using silver paint. The temperature of the sample was estimated by comparing intensities of Stokes and anti-Stokes Raman spectra at 300 and 250 K. For micro-Raman measurements 1.0 mW of laser power was used which led to heating of the sample by approximately 20 K. This power was reduced to reach lower temperatures. Macro-Raman measurements used 10 mW of laser power resulting in approximately 10 K of heating. All Raman spectra were corrected for Bose-Einstein temperature effects.
Measurements were done in a backscattering geometry with e i (electric field vector of the incident light) and e s (electric field vector of the scattered light) laying in the bc plane (xx and xy polarizations) for temperatures ranging from 300 to 14 K and with e i and e s in the ab + ac plane (zz and xz+yz polarizations) at room temperature. While the bc crystal surface was very high quality, the ab + ac surface was not ideal which reduced the intensity of the corresponding spectra and lead to leakage between the zz and xz + yz polarizations. With the size of structural domains within the bc plane of approximately 25-50 µm in each direction, the micro-Raman measurements with a probe of 2 µm diameter allowed measurements to be performed for a single domain in the bc plane.
Additionally, the spectra were measured using both 514.5 and 488.0 nm excitation lines of a Coherent Ar + laser with a Jobin-Yvon U1000 double monochromator Raman spectrometer equipped with a photomultiplier tube detector with resolution from 3 cm −1 (0.4 meV) to 10 cm −1 (1.2 meV). The sample was maintained at temperatures between 300 and 16 K using a custom built Janis cold finger 4 He cryostat with the sample fixed on the cold finger by silver paint. 
C. Density functional theory calculations
We used Kohn-Sham DFT as implemented in the Vienna Ab-initio Simulation Package (VASP) code.
33,34 A 4 × 8 × 8 k-point grid and a 500 eV energy cutoff were used to reach good convergence of structural and response properties. The local-density approximation was employed to estimate the exchange-correlation part of the energy functional. Phonon frequencies were calculated using the frozen phonons methods with symmetry adapted modes. We considered only collinear magnetic structures due to computational expense and ignored spin-orbit coupling. DFT+U as developed by Liechtenstein et al. 35 was used to take into account the strong correlations associated with Cr 3+ d-orbitals. The values of the on-site Hubbard U and the intra-atomic Hund's coupling used were 3.0 eV and 0.9 eV, respectively. We found that orthorhombic differences in nearest-neighbor magnetic exchange J is insensitive to U in the range from 2 eV to 6 eV. To determine symmetry properties, the Isotropy Software Package 36 and the Bilbao Crystallographic Server 37-40 were used. Visualization for Electronic and Structural Analysis (VESTA) software was used for visualization and calculation of bond lengths and angles. 41 
III. PHONON SPECTRUM
A. Raman active phonons
As briefly outlined in Sec. I, the orthorhombic structure of α-SrCr 2 O 4 comprises edge-sharing CrO 6 octahedra organized in the bc plane of the P mmn spacegroup. Magnetic Cr 3+ (S = 3/2) ions form distorted triangular layers (see Fig. 4 ) stacked along a and separated by parallel lines of Sr 2+ cations. A Rietveld refinement of the T = 100 K neutron powder diffraction pattern yields two distinct Cr 3+ sites per unit cell with fractional coordinates r 1 (Cr1) and r 2 (Cr2) and Wyckoff positions 4c and 4f , respectively. 21 The lattice symmetry appears preserved for temperatures below T N ≈ 43 K with r 1 = (0.5049, 0.25, 0.4975) and r 2 = (0.5, 0.5, 0) at T = 12 K. The low-temperature structure thus displays four distinct nearest-neighbor Cr-Cr distances varying by less than ≤ 0.5% around the average distanced = 2.94Å. Symmetry analysis for the space-group and atomic positions of α-SrCr 2 O 4 yields 36 Raman active modes, given in Table I , with Raman tensors
The room-temperature polarized Raman spectra of α-SrCr 2 O 4 are presented in Fig. 1 . As is typical for transition-metal oxides, modes below 300 cm −1 are primarily associated with vibrations of the metal atoms. Phonons in the range from 400 to 650 cm −1 involve oxygen vibrations of the CrO 6 octahedra. In the measurements done on ab + ac surface we could not separate yz and xz polarizations (B 1g and B 2g modes).
In Table II , we compare the experimentally observed phonon frequencies with those obtained by DFT calculations. Out of the 36 calculated Raman active modes, 28 are experimentally observed. The majority of the missing modes have B 1g and B 2g symmetry which is explained by the low signal from the ab + ac surface of the crystal. Other discrepancies are likely due to overlap of weak peaks with stronger modes. In particular, many of the oxygen vibrations are close in frequency so there is ambiguity in their assignment. Overall, the calculated phonon frequencies agree remarkably well with the experimentally obtained values. This demonstrates that DFT calculations provide a good description of the lattice dynamics of α-SrCr 2 O 4 and by inference its derivatives such as α-CaCr 2 O 4 .
TABLE II. Comparison of the experimentally observed frequency, polarization, and intensity of phonon peaks with corresponding DFT calculations of Raman-active phonons. The experimental intensity ranges from weak (• • •) to strong (• • •). The calculations are performed in presence of a ferromagnetic spin ordering. The major contributions to the atomic motions are listed in the last column of the table, and a more detailed account can be found in the Appendix along with the dependence of the calculated phonon frequencies on U and the magnetic configurations. Calculated modes designated by * show significant spin-phonon coupling. The temperature dependence of the modes marked with , , and is presented in Fig. 3 .
To elucidate potential magneto-elastic coupling, phonon calculations were performed imposing different collinear ferromagnetic and antiferromagnetic spin structures, and the resulting variations in phonon frequencies between these different states was assessed. Our calculations reveal that out of the 36 Raman active modes, four display a frequency shift associated with spin-phonon coupling of 15 cm −1 or more, they are marked by * in Tab. II. In our experiments, we observe three of these modes: 295 cm
A g (calc. 310 cm −1 ), and 346 cm −1 B 3g . Indeed, these modes are the only modes that show significant changes in frequency and width approaching T N . Bands associated with these phonons show full-width at halfmaximum (FWHM) of >10 cm −1 at 300 K, significantly wider than the thermal-broadening limited FWHM of 4 cm −1 found for non-coupled phonons.
B. Temperature-dependent changes in phonons
An absence of major changes in phonon spectrum of α-SrCr 2 O 4 on cooling down to 15 K is in agreement with the observation of P mmn space group in the whole studied temperature range by X-ray and neutron powder diffraction. 21 In Fig. 2 , we report the temperature dependence of the α-SrCr 2 O 4 unpolarized Raman spectrum upon cooling from 290 to 15 K. The largest changes with temperature, especially around T N , are expected from the phonons which show magneto-elastic coupling. According to the fits shown in Fig. 2(c) , the 298 cm
A g and 346 cm −1 B 3g phonons show broadening on approaching T N , and the 346 cm −1 mode shows a decrease in frequency. Both of the phonons can only be distinguished in the spectra at temperatures above T N while below it they mix with the two-magnon feature centered at 320 cm −1 , discussed in further detail in Section IV B. Along with the changes in the behavior of the phonons coupled to the spin system, we observe changes for some of the phonons which do not show substantial magnetoelastic coupling in the calculations. A dramatic increase in intensity of the 82 cm −1 B 3g Sr phonon is observed for temperatures below T N (Fig. 2 (b) ). In addition, some changes are observed for oxygen phonons (see Fig. 3 ). A spectral weight redistribution occurs between the 467 and 474 cm −1 A g modes, and a weak change is also observed for the 538 cm −1 A g phonon. In Fig. 3(b) , we show the temperature dependence of their integral intensities normalized by the 602 cm −1 phonon. For temperatures below approximately 90 K, the 467 cm −1 peak doubles in intensity relative to the 474 cm −1 peak with the trend continuing until roughly T N ≈ 43 K, below which the relative intensities remain constant. This behavior contrasts with an absence of changes observed for the 422 cm
phonon, which is plotted for reference in Fig. 3(b) .
The changes in the phonons which are not coupled to the magnetic system could be due to weak variation in the structural parameters with temperature. Indeed, the inter-plane lattice spacing a decreases upon cooling from 300 K before increasing weakly for temperatures below 100 K, and an inflection point is observed in the temperature dependence of all three lattice parameters at the magnetic ordering temperature T N ≈ 43 K 21 . Additionally, the weak electrical polarization observed below T N 23 can influence the phonon intensities. R a m a n s h i f t ( m e V ) to the magnetic susceptibility for temperatures above T =150 K indicates overall strong antiferromagnetic interactions between Cr 3+ spins with a Weiss constant Θ W ≈ −596 K. 21 Below T N ≈ 43 K, the onset of longrange magnetic order is indicated by sharp λ-anomaly in the specific-heat 21, 23, 42 and the concomitant appearance of an incommensurate magnetic Bragg peak in neutron diffraction indexed by the propagation vector k = (0, 0.322, 0). 21 The magnetic structure is an incommensurate spin helix with spins in the ac plane. This is distinct from the 120
• ground-state of the nearestneighbor triangular-lattice Heisenberg antiferromagnet.
To understand the microscopic origin of these magnetic properties, we examined the magnetic exchange interactions of α-SrCr 2 O 4 using DFT calculations. In our treatment, exchange constants are obtained by calculating the total energy for different collinear spin configurations and fitting the results to an Ising model. The lattice was allowed to relax while preserving the overall P mmn symmetry. The results, presented in Tab. III, are compared with experimental results for α-CaCr 2 O 4 .
Although the Cr 3+ ions form an almost perfect triangular-lattice in terms of their spacings, the two in- The values shown for the Cr-Cr distances were determined by neutron powder diffraction measurements at 12 K.
21
DFT results indicate very strong variations in the exchange constants, with ∆J i /J ≥ 25%, even though corresponding Cr-Cr distances, vary by less than 0.5%. Both direct cation-cation exchange interactions and superexchange through oxygen contribute to these exchange interactions. It appears that the different Cr-Cr distances cannot alone explain the large differences in exchange constants, and this suggests contributions from Cr-O-Cr superexchange play a role. For example, the value of J 2 is the largest where the Cr-Cr distance is second largest. The corresponding angles in the Cr-O-Cr superexchange paths are close to 90
• where superexchange interactions are very sensitive to bond angles. Interestingly, the same tendency of the large differences between J's for a nearly triangular-lattice is observed in α-CaCr 2 O 4 , see the experimental values in the Table III. Overall, the theoretical estimate for the strength of magnetic interactions in α-SrCr 2 O 4 corresponds to a Weiss temperature of Θ W = −583 K (J av = 5.0 meV) which compares remarkably well with the experimental value Θ W = −596 K. While this agreement might be coincidental given the well known effects of neglecting higher order terms in the high temperature expansion, we show below that the calculated J av is also consistent with the two-magnon spectrum observed experimentally by Raman scattering.
B. Magnetic Raman scattering
In addition to phonons, below 400 cm −1 in the lowtemperature spectra of α-SrCr 2 O 4 measured in the bc plane (see Fig. 2 ) we observe two broad features. At temperatures below T N , these two broad peaks are centered at ≈ 20 meV (160 cm −1 ) and ≈ 40 meV (320 cm −1 ). The 40 meV peak is relatively narrow and asymmetrically skewed towards higher frequencies, while the 20 meV peak is broader and weaker. On increasing the temperature above T N , both features broaden and shift to lower energies of approximately 12 meV (100 cm −1 ) and 38 mW (310 cm −1 ), respectively. These features are shown in greater detail in Fig. 5 in the spectra with the major phonon features extracted for temperatures below (T =15 K) and above (T =80 K) T N ≈ 43 K. The broad and asymmetric lineshape, energy, and temperature dependence of these two bands suggest they originate from two-magnon Raman scattering.
Our experimental results can be compared with theoretical predictions for Raman excitations of triangularlattice antiferromagnets based on the exchange scattering process 27 which is generally described by the operator R = S i J ij S j (e i · δ ij )(e s · δ ij ) where δ ij is the vector connecting neighboring sites i and j from different magnetic sublattices, e i and e s are the electric field vectors of the incident and scattered radiation, S i and S j are spin operators for the two different sites, and J ij is the magnetic exchange interaction. A crude estimation of the position of a two-magnon excitation in a collinear antiferromagnet is given by J(2Sz − 1), where S is the spin value and z is the coordination number, 43 which yields 17J for a S = 3/2 triangular-lattice. Using the calculated J av = 5.0 meV value for α-SrCr 2 O 4 , the position of the observed magnetic excitations corresponds to ≈ 4.0J and ≈ 8.0J, much lower than the prediction for a collinear antiferromagnet.
The above discrepancy can be attributed to the non-collinear character of the magnetic order in α-SrCr 2 O 4 . Calculations of the Raman response for a triangular-lattice antiferromagnet 30,31 predict a softening of the two-magnon excitations compared to the collinear square-lattice case. These models discuss a simple case of one magnetic lattice site per unit cell while α-SrCr 2 O 4 shows two different Cr 3+ atoms per unit cell. Nevertheless, we consider it suitable to compare our results to these simpler models since the magnetic order observed in α-SrCr 2 O 4 is non-collinear and incommensurate with the lattice. Two prominent features are expected in the Raman spectra originating from singularities in the two-magnon density of states. Ref. 31 calculates how magnetic excitations move to lower frequencies on increasing frustration through a transformation from square to triangular lattice. In the case of a slightly distorted triangular lattice and after rescaling to S = 3/2, this results in features centered around 4.5J and 6.0J. In Ref. 30 , the positions of the magnetic excitations in the isotropic triangular lattice case are 4.5J and 7.2J, although smoothed by magnon-magnon interactions.
Our experimental results show that in agreement to the theoretical predictions two peaks associated with twomagnon excitations are observed for a triangular antiferromagnet. The experimentally observed energies of the features, approximately 20 meV and 40 meV, or 4.0J av and 8.0J av are close to but do not exactly coincide with the theoretically predicted values. This disagreement can be explained by a simplicity of the theoretical model compared to the structure of α-SrCr 2 O 4 . To the best of our knowledge, magnetic Raman scattering spectra for the particular distortion of the triangular-lattice relevant for α-SrCr 2 O 4 has not been calculated, and there may be additional effects associated with the anisotropy. In particular, the calculations of Raman spectra for an isotropic triangular lattice in Ref. 30 predict that the lower energy feature should have a greater spectral weight. Our results in the ordered state below T N contrast with that prediction as the high-energy 40 meV excitation is more intense and shows a distinct line shape compared to the weaker and broader 20 meV feature. Contrary to the square-lattice case where magnetic excitations are predicted to only occur in the B 1g and B 2g polarizations, 44 excitations for a perfect triangular-lattice are predicted to be equally intense in the A 1g and B 1g channels. 30, 31 Unfortunately, the presence of different orthorhombic domains in α-SrCr 2 O 4 prevents us from analyzing the polarization of the magnetic Raman spectra.
We follow the temperature dependence of the magnetic Raman scattering in α-SrCr 2 O 4 . To the best of our knowledge, at this point there is no published theoretical description of two-magnon scattering for triangular antiferromagnet at finite temperatures. While the real shape of the Raman spectra is defined by the twomagnon density of states, 30, 43 we fit both observed maxima by Lorentzian band shapes to estimate their positions, widths, and intensities (see Fig. 5 (b) ). Even though the positions of the two-magnon excitations in α-SrCr 2 O 4 are much lower than in non-frustrated antiferromagnets, the temperature dependence of the features across T N is similar to the observations for nonfrustrated 3D and 2D materials. [43] [44] [45] [46] [47] For both features associated with two-magnon excitations, the line width increases with increasing temperature above T N , and the features shift to lower frequencies. The spectral weight of the magnetic excitations increases above T N , also following the tendency observed for collinear non-frustrated 3D antiferromagnets. 43, 48 We can follow the two bands as separate features up to T ≈ 100 K (Fig. 5(b) ). Above T ≈ 100 K, the spectral weight of magnetic excitations starts to decrease, and the two basic features widen to form a magnetic background which decreases further on temperature increase, but is present up to room temperature. To illustrate that we plot the spectral weight of the whole magnetic background 400 50 I(ω)dω as a function of temperature in Fig. 5 (b) , lower panel (black squares), together with the spectral weight of the two-magnon features received from the fit. The presence of magnetic excitations in 3D collinear antiferromagnets was observed in Raman scattering up to about 4T N .
43 For α-SrCr 2 O 4 , the persistent 2D magnetic correlations above T N are expected given the estimated Θ W = −596 K which differs significantly from T N ≈ 43 K due to frustration effects.
It is interesting to compare our magnetic Raman scattering results for α-SrCr 2 O 4 to those for α-CaCr 2 O 4 .
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In the latter compound, broad peaks at 5.5, 20, and 32 meV were observed and interpreted as two-magnon excitations. For both compounds the magnetic background increases on cooling the samples from room temperature, however the α-CaCr 2 O 4 compound does not show narrower bands and a decrease of the spectral weight of the magnetic background below T N . The shape of the spectra below T N is different from our results on α-SrCr 2 O 4 , while being similar at temperatures above T N . At 10 K in RL polarization the data of Ref. 25 shows a broad higher-frequency 33 meV feature with a lower intensity than the low-frequency 5.5 meV peak, in agreement with calculations for the isotropic triangular lattice. 30 As a whole, the energy and line shape of the low-frequency magnetic excitations in α-SrCr 2 O 4 differ more from the theoretical predictions of Refs. 30 and 31 than those of α-CaCr 2 O 4 . This could be an indication of a more pronounced variation of nearest-neighbor magnetic interactions in α-SrCr 2 O 4 , as suggested by Table III .
V. CONCLUSIONS
We presented an experimental Raman study of lattice and magnetic excitations in the anisotropic triangular antiferromagnet α-SrCr 2 O 4 along with DFT calculations for the phonon spectra and magnetic exchange constants. The calculations show an excellent agreement with the observed phonon spectra and allow us to assign all of the observed modes. The magnetic exchange interactions obtained ab-initio show large variations as a function of subtle changes in the nearest-neighbor CrCr distances. This suggests that the Cr-O-Cr superexchange mechanism plays a significant role in the nearestneighbor exchange interactions. The average theoretical value J av = 5.0 meV is in excellent agreement with the Weiss constant extracted from high-temperature susceptibility data.
We detected two peaks in the magnetic Raman spectrum at approximately 20 and 40 meV which are resultant from two-magnon excitations. An observation of two peaks is close to that predicted for two-magnon Raman scattering from triangular-lattice Heisenberg antiferromagnets, while their position at approximately 4.0J av and 8.0J av is near the expected theoretical energies. We observe a narrowing and high-frequency shift of the excitation below T N ≈ 43 K, and both features are distinguishable up to ≈ 80 K. Coupling between magnetic and structural degrees of freedom in α-SrCr 2 O 4 is indicated by a change in the phonons close to the frequencies of the two-magnon feature at 40 meV.
of the Raman active phonon modes. Tables IV, V, VI, and VII list the phonon frequencies calculated from first principles and the phonon eigendisplacements expressed in the basis of the ionic displacements shown in the corresponding Figures 6(a)-(d) . The results presented in these tables are obtained from calculations assuming ferromagnetic ordering and a Hubbard U of 3 eV, the effects of which are discussed further in Sec. 2 and 3, respectively.
Dependence of Γ-point phonons on the magnetic configuration
In order to elucidate the effect of the magnetic order on the phonon frequencies, we calculated the Γ-point phonon frequencies considering ferromagnetic (FM) and the various antiferromagnetic (AFM) configurations shown in Fig. 7 . The crystal structure determined from neutron powder diffraction 21 was relaxed in the FM state with the lattice vectors fixed and was then used for the phonon calculations in each of the different magnetic configurations. For calculations in the AFM configurations, the zero point forces were subtracted. The results for U = 3 eV are presented in Table VIII . All of the optical phonon modes that showed a frequency shift of ≥15 cm The value of the Hubbard U used in the DFT+U calculations presented in the main text was chosen to be 3 eV. This value has been previously shown to correctly reproduce the physics of different Cr compounds. 49, 50 In order to show that the physical results obtained from our calculations are robust against variations of this parameter, we repeated the phonon calculations with different values of U , namely for U = 2 eV and U = 4 eV. In Table IX , the frequencies of the Raman active A g Γ-point phonons are listed for these values of U and the five different magnetic configurations considered. Changing the value of U causes changes in the hybridization of the Cr 3 + ions with their neighbors and so has quantitative effects on the phonon frequencies. In particular, the frequencies change as much as few percent when U is changed by 1 eV. However, the primary qualitative result that is mentioned in the main text, i.e. that only one A g mode has strong spin-phonon coupling (defined by a change of phonon frequency by ≥ 15 cm −1 in different magnetic states), is independent of the value of U chosen. While we do not present the results for other phonon modes, our calculations indicate that the same result applies to all Γ-point phonons, and hence the qualitative conclusions are not dependent on the value of U chosen. 
